Investigations of the equation of state of tungsten tetraboride (WB 4 ) have been performed under nonhydrostatic compression to 85.8 GPa using radial x-ray diffraction techniques in a diamond anvil cell at room temperature. The hexagonal structure of WB 4 is found to be stable up to the highest pressure of 85.8 GPa. The radial x-ray diffraction data yield a bulk modulus
Investigations of the equation of state of tungsten tetraboride (WB 4 ) have been performed under nonhydrostatic compression to 85.8 GPa using radial x-ray diffraction techniques in a diamond anvil cell at room temperature. The hexagonal structure of WB 4 is found to be stable up to the highest pressure of 85.8 GPa. The radial x-ray diffraction data yield a bulk modulus K 0 ¼ 319(5) GPa with K 0 0 ¼ 4.1(0.2) at w ¼ 54. 7 . With a fixed K 0 0 of 4, the derived K 0 is 323(1) GPa. The bulk modulus obtained from fits of diffraction data at w ¼ 0 and 90 is 196(6) GPa and 507(13) GPa, respectively. The values gradually increased from w ¼ 0 to 90 , showing the compressibility of the sample strongly depends on the stress environment. In addition, the compressibility of the unit cell axes (a-and c-axes) of WB 4 demonstrates an almost isotropic nature with pressure increasing. 1 Thus, great efforts involving theoretical and experimental studies in the past few decades have been universally focused on the possibility of establishing new lowcompressible materials with bulk moduli and hardness exceeding or closing that of diamond. Tungsten tetraboride (WB 4 ) is a candidate superhard materials belonging to the promising groups of transition metal borides. Recently, some experimental and theoretical studies on tungsten tetraboride suggested that WB 4 is a superhard material with a high Vickers hardness (>40 GPa) and a large bulk modulus ($300 GPa). [2] [3] [4] [5] [6] In the experimental studies on compressibility, the previous results present some discrepancies of equation of state (EOS) parameters and large relative errors. Gu et al.
3 derived the zeropressure bulk modulus K 0 ¼ 200(40) GPa with its pressure derivate K 0 0 ¼ 15.3(5.7) from high pressure x-ray diffraction (XRD) data up to 23 GPa with a mixture of methanol, ethanol, and water as the pressure transmission medium. Liu et al. 4 performed the high pressure XRD up to 50.8 GPa with silicone oil as medium and obtained K 0 ¼ 325(9) GPa and K 0 0 ¼ 5.1 6 0.6. Mohammadi et al. 5 reported a zero-pressure bulk modulus K 0 of 339(3) GPa from high-pressure x-ray diffraction in a Diacell diamond anvil cell with neon gas as the pressure medium up to 30 GPa using the finite strain equation of state (K 0 0 ¼ 4). More recently, Xie et al. 6 measured the compressional behavior of WB 4 with neon gas as the pressure medium up to 58.7 GPa and obtained a bulk modulus
fitting the data at pressures lower than 42 GPa. The highest pressure in their experiments was 58.4 GPa. [3] [4] [5] [6] These results indicate that the pressure transmitting medium plays an important role in the compressibility measurements. Moreover, changing the pressure range can have a significant effect in determination of EOS parameters.
The determination of equation of state greatly depends on the existence of nonhydrostatic stress, especially for superhard materials. 7 However, a completely hydrostatic environment cannot be maintained above 15 GPa due to the freezing of all pressure medium at room temperature. [8] [9] [10] [11] Radial x-ray diffraction (RXD) techniques in a DAC together with the lattice strain theory [12] [13] [14] [15] [16] [17] [18] can be used to determine the EOS of materials and have been applied to materials such as Au, Re, Mo, tungsten, cubic BC 2 N, etc. 7, [19] [20] [21] The advantage of RXD is that the EoS can be deduced from the inversion of highly nonhydrostatic compression data without any pressure medium, thus overcoming the limit of pressure transmission medium freezing at very high pressures. Therefore, we have undertaken an experimental study of the pressure-dependent compression behavior of WB 4 using synchrotron angle-dispersive radial x-ray diffraction in a diamond anvil cell to examine the bulk moduli and lattice distortions of WB 4 under pressures by comparison with quasi-hydrostatic results obtained in the conventional diffraction geometry.
In this study, we present the behavior of synthesized tungsten tetraboride in a 2-fold paranomic diamond anvil cell under nonhydrostatic compression up to 85.8 GPa. Using radial x-ray diffraction technique together with the lattice strain theory [12] [13] [14] [15] [16] [17] [18] enables us to constrain the compression curve of WB 4 under nonhydrostatic compression to 85.8 GPa. 
II. EXPERIMENT
Single-phase WB 4 was synthesized by the hot-pressed method starting with a mixture of W and B, and the synthesized WB 4 has a hexagonal structure (space group P6 3 / mmc) with lattice parameters a ¼ 5.199(0.001) Å and c ¼ 6.347(0.001) Å according to powder x-ray diffraction at ambient conditions. A 2-fold paranomic DAC with a pair of beveled diamond anvils (150 lm culet) was used in the RXD measurements. A beryllium gasket was preindented to $25 lm thickness and drilled a hole of 50 lm diameter in the center of preindentation as sample chamber. WB 4 powder was loaded into the gasket hole and a Mo flake with diameter of $20 lm was placed on top of the sample serving as a pressure standard 23 as well as the sample position reference. No pressure-transmitting medium was used to ensure maximum nonhydrostatic stresses. The angle-dispersive radial x-ray diffraction experiments were performed on 4W2 beamline at the Beijing Synchrotron Radiation Facility (BSRF), Chinese Academy of Sciences. A Si(111) monochromator was used to tune the synchrotron source with a wavelength of 0.6199 Å , and the incident monochromatic x-ray beam was focused to a 26 Â 8 lm 2 full width at half maximum (FWHM) spot by a pair of Kirkpatrick-Baez mirrors. Two-dimensional diffraction patterns were collected by a Mar345 image plate detector and analyzed with the program Fit2D. 24 The distance and orientation of the detector were calibrated using a CeO 2 standard. At each increasing pressure, the RXD pattern was collected after about 30 min to allow for stress relaxation.
In a normal angle-dispersive radial x-ray diffraction experiment, the incident x-ray is perpendicular to the compression axis and passes through a Be gasket. In order to minimize the contribution of Be diffraction lines to the sample patterns, the DAC was tilted to a a angle of 28 (see Fig. 1 ).
14 In this geometry, the w corresponding to the angle between the diffracting plane normal and the loading axis was calculated using the equation 22 cos w hkl ¼ sin a cos d cos h hkl þ cos a sin h hkl ;
where h is the diffraction angle and d is the azimuthal angle in the plane of the detector.
III. THEORY
According to the lattice strain theory, [12] [13] [14] [15] [16] [17] [18] the stress state at the center of the compressed polycrystalline sample under uniaxial loading in a diamond anvil cell is characterized by r 1 and r 3 , which is the maximum stress along the DAC loading axis and the minimum stress in the radial direction, respectively. r P is the mean normal stress and is equal to (2 r 3 þ r 1 )/3. The difference between r 3 and r 1 is the macroscopic differential stress, t (t ¼ r 3 À r 1 ).
The measured d-spacing d m (hkl) is a function of the azimuthal angle w between the diamond cell loading axis and the diffraction plane normal and diffraction plane (hkl)
where d m (hkl) is the measured d spacing, d p (hkl) is the d spacing due to the hydrostatic component of stress, and QðhklÞ is the orientation dependent lattice strain. [14] [15] [16] [17] Eq. (2) w ¼ 0), the position of the observed x-ray diffraction lines reflects the d spacing due to the mean component of stress, so the equivalent hydrostatic compression curve can be directly derived from the diffraction data at w ¼ 54. 7 . The slope of the d m (hkl) versus 1À3 cos 2 w relation yields the product d p (hkl) QðhklÞ and d p (hkl) can be directly measured at w ¼ 54. 7 .
IV. RESULTS AND DISCUSSION
The RXD diffraction patterns are integrated over each azimuthal sectors with 5 internal using Fit2D 24 for data analyses. The program Multifit 4.2 is used to perform macro decomposition of 2D diffraction images into azimuthal slices using Fit2D 24 to yield one-dimensional plots of x-ray intensity as a function of two-theta and fits peak positions, intensities, and FWHM of the diffraction peaks. To determine the variation of the diffraction peaks' positions with d, we used this software package to integrate the diffraction patterns and fit peak positions with segments of 5 intervals in the azimuth angle, in steps from 180 to 270 . Radial x-ray diffraction spectra of WB 4 were collected up to an equivalent pressure of 85.8 GPa, where pressures were derived from the equation of state of Mo 23 using the unit cell volume obtained from the d p (110) of Mo at w ¼ 54. 7 . Fig. 2 shows the selected diffraction patterns of the sample taken at w hkl ¼ 54. 7 under different pressures. Diffraction peak positions were fitted with Pseudo-Voigt line shapes using the software package Multifit 4.2. Though seven diffraction peaks of WB 4 (101, 002, 110, 201, 112, 103, 211) were observed in most diffraction patterns, the (002, 201, 103, 211) peaks were relatively weaker, whereas the (110) peak begins to split at 45.0 GPa. One of the possible reasons for the splitting of WB 4 (110) diffraction line is that the grain size of WB 4 is not homogeneous (0.5 lm-1.5 lm) and some bigger grains in a nonhydrostatic stress result in the discontinuity of pressure then the split of peak. The bigger grains near the edge of the sample chamber likely suffered lower pressure as to generate the peak with lower 2h angle, as   FIG. 1 . Radial x-ray diffraction geometry used with a diamond anvil cell. The DAC was tilted to an a angle of 28 . ) and used to calculate the lattice parameters fitting to a hexagonal cell. The normalized unit cell volume of compression curves for w ¼ 0 , w ¼ 54.7 , and w ¼ 90 are shown in Fig. 4 . For comparison, the results obtained in earlier normal XRD under quasi-hydrostatic compression were also included. 3, 4, 6 Angles w ¼ 0 and 90 represent the diffracting plane normal being parallel and perpendicular to the load axis respectively, and the stress environment of the sample is maximum and minimum respectively. It is evident from Fig. 4 that our experimental data have very good fitting precision. The unit cell volumes as a function of pressure were fitted using third-order Birch-Murnaghan EOS to obtain the ambient pressure bulk modulus K 0 and its pressure derivate K 0 0 . The third-order Birch-Murnaghan EOS is expressed as follows:
where K 0 , K 0 0 , and V 0 are the bulk modulus, its pressure derivate, and the unit-cell volume at ambient conditions, respectively. Through fitting the diffraction data at w ¼ 54. 7 up to 86 GPa by Eq. (3), we obtain the bulk module K 0 ¼ 319(5) GPa and its pressure derivative K 0 0 ¼ 4.1(0.2). With a fixed K 0 0 of 4, the least-squares fit yields an ambient bulk modulus the derived K 0 ¼ 323(1) GPa. The bulk modulus obtained from fits of diffraction data at w ¼ 0 and 90 is 196(6) GPa and 507(13) GPa, respectively. Angles w ¼ 0 and 90 represent the diffracting plane normal being parallel and perpendicular to the load axis respectively, and the stress environment of the sample is maximum and minimum, respectively.
A comparison between our research results and the previously reported data 2-6 on the bulk modulus (K 0 ) and its pressure derivative (K 0 0 ) is shown in Table I . It can be seen that, the comparison of the bulk modulus derived from different w suggests a variation of a factor of 2.6 between w ¼ 0 and w ¼ 90 . The values gradually increased from w ¼ 0 to w ¼ 90 , showing the compressibility of the sample strongly depends on the stress environment. In addition, the bulk modulus of WB 4 obtained here under uniaxial compression at w ¼ 54. 7 is in roughly consistent with that from xray diffraction under quasi-hydrostatic condition obtained from Xie et al. within the experimental error as well as in accord with the value obtained by theoretical calculation local density approximation (LDA), [2] [3] [4] [5] [6] while it is much bigger than 200(40) GPa obtained by Gu et al. 3 The pressure derivative obtained from third-order Birch-Murnaghan equation of state is very close to 4 and the values of K 0 are in highly consistent, demonstrating that we obtained good results for hydrostatic condition. Due to the freezing of all known pressure media at high pressures, a completely hydrostatic environment cannot be retained above 15 GPa. [8] [9] [10] [11] This has an effect of overestimating the equation of state parameters. As a consequence, using radial x-ray diffraction techniques in a pressure cell can have the profound advantages when investigating the equations of state of superhard materials such as WB 4 at very high pressures.
The pressure dependence of the normalized lattice parameters of the hexagonal phase compared with the results reported previously. 3, 4, 6 is shown in Fig. 5 . The fitting result of entire pressure range yields 
and
The relative change along the a-axis is about 5.5% and that along the c-axis is about 6.1% from 1.4 GPa to 85.8 GPa.
The axial compression is almost isotropic as both axes have a similar compressibility, which is in good agreement with Gu et al. and Xie et al.'s conclusion. 3, 6 The reason for its isotropic nature of compressibility different from usual hexagonal structure materials is that the unique covalent bonding network, with B-B covalent bonds aligned along the c-axis results in a quasi-isotropic compressibility. 3, 6 The compression behavior of the a-and c-axes shows a good regularity in the entire pressure range investigated in contrast to that derived from the measurments by Liu et al. and Xie et al. 4, 6 At higher pressures, after about 25 GPa reported by Liu et al., 4 the compression behavior of the aand c-axes is likely to be abnormal. The authors interpreted the freezing of silicone oil at high pressures and the increasing of the uniaxial stress component. 8, 10, 11 Xie et al. reported that the c axis suddenly undergoes a softening and becomes significantly more compressible than the a-axis at $42 GPa, while, a-axis does not show any change in behavior. Due to the WB 4 diffraction patterns remaining the same, with no observation of peak broadening or splitting at the point of the structural change at 42 GPa, and the c-lattice constant recovering its original strain values upon decompression, they assigned that anomaly to a structurally induced reversible second-order phase transition because of the threedimensional, almost isotropic, rigid covalently boron network. 6 The c-axes uncompressibility obtained from Xie et al. is a little higher than the a-axes uncompressibility, whereas our research results and the results obtained from Liu et al. show an oppose conclusion. 4, 6 The differences may be due to different synthesize methods, grain sizes of different starting materials, and/or hydrostaticity.
V. CONCLUSION
Using radial x-ray diffraction technique together with the lattice strain theory, we examined the behavior of WB 4 in a diamond anvil cell under nonhydrostatic compression up to 85.8 GPa. The bulk modulus of WB 4 derived from the nonhydrostatic compression data can vary nearly a factor of 2.6 depending on the relative orientation of the diffraction normal and diamond cell stress axis. The compression curve obtained at w ¼ 54. 7 yields a bulk modulus K 0 ¼ 319(5) GPa and its pressure derivative K 0 0 ¼ 4.1(0.2). The bulk modulus under w ¼ 54. 7 is close to previous experimental results under quasi-hydrostatic conditions derived from Xie et al. and the theoretically predicted value. In addition, the compressibility of the unit cell axes (a-and c-axes) of WB 4 demonstrates an almost isotropic nature and a good regularity with pressure increasing.
